ABSTRACT: Dynamic rearrangements of the actin cytoskeleton power cell motility in contexts ranging from intracellular microbial pathogenesis to axon guidance. The Ena/VASP family proteinssMena, VASP, and Evlsare believed to control cell motility by serving as a direct link between signaling events and the actin cytoskeleton. It has previously been reported that a novel miniature protein, pGolemi, binds with high affinity to the EVH1 domain of Mena (Mena 1-112 ) but not to those of VASP (VASP 1-115 ) or Evl (Evl 1-115 ) and also causes an unusual defect in actin-driven Listeria monocytogenes motility. Here, scanning mutagenesis was used to examine the effects of single amino acid changes within pGolemi on EVH1 domain affinity and specificity, miniature protein secondary structure, and L. monocytogenes motility. The data suggest that pGolemi contains the expected aPP-like fold and binds Mena 1-112 in a manner highly analogous to the proline-rich repeat region of L. monocytogenes ActA protein. Residues throughout pGolemi contribute to both EVH1 domain affinity and paralog specificity. Moreover, the affinities of pGolemi variants for Mena 1-112 correlate with selectivity against the EVH1 domains of VASP and Evl. In L. monocytogenes motility assays, speed and speed variability correlate strongly with EVH1 paralog specificity, suggesting that the Ena/VASP paralogs do not play equivalent roles in the process of L. monocytogenes actin tail maturation.
The actin cytoskeleton is a complex system that transduces multiple converging signals into changes in the dynamics and architecture of actin assembly. An important family of direct regulators of the actin cytoskeleton, the Ena/VASP proteins are implicated in an astounding array of actin-based biological functions (1) (2) (3) (4) (5) (6) (7) (8) . These functions include the formation of cell membrane protrusions, particularly lamellipodia and filopodia, that are the hallmarks of amoeboid crawling motility in neuronal growth cones and fibroblasts during wound healing; platelet aggregation; formation of the T cell receptor immunological synapse; formation of focal adhesions and stress fibers during cell spreading; and motility of intracellular pathogens, such as Listeria monocytogenes.
The Ena/VASP family proteins include three paralogs in vertebrates: Mena, VASP, and Evl (9) (10) (11) (12) . These proteins share an overall three-part domain organization consisting of an N-terminal EVH1 1 domain, a central domain containing proline-rich sequences, and a C-terminal EVH2 domain (4, 13) . The EVH1 domain is involved in recruitment of Ena/ VASPs to their site of activity by specific interaction with proline-rich sequences in its binding partners. The central domain of the Ena/VASPs contains one or more phosphorylation sites depending on the particular paralog or splice variant (11, (14) (15) (16) (17) . This region is also rich in proline and serves as a docking site for proline recognition domains such as profilin and SH3 domains (10, (18) (19) (20) (21) . The C-terminal EVH2 domain is responsible for multiple functions, including oligomerization of the Ena/VASPs through a coiled coil domain (22) and binding to both actin monomers and filaments. In VASP and Mena, EVH2 functions are modulated by phosphorylation (16, (23) (24) (25) (26) .
Much effort has been devoted to studying the structure and function of the EVH1 domains and their interactions with proline-rich sequences (PRSs). PRSs are also recognized by several unrelated domains such as the SH3 (27) (28) (29) , WW (29) (30) (31) , GYF (32, 33) , and UEV (34, 35) domains as well as the single domain protein profilin (36) (37) (38) . Prolinemediated interactions tend to be low affinity (1-500 µM range) (39, 40) , a feature that allows macromolecular complex assembly and disassembly to respond to internal and extracellular signals on a rapid time scale. Ligands for proline recognition domains share a number of features, most importantly the ability to adopt a type II polyproline (PPII) helix that positions the cyclic pyrrolidine side chains on one helical face into grooves formed by aromatic residues in the EVH1 domain binding pocket. Contacts arising from nonproline residues that extend the core binding epitope confer specificity and augment affinity (40) . Four classes of homologous EVH1 domains have been structurally characterized to date (5, (41) (42) (43) , and the residue preferences and binding orientation have been determined for three of these. For the EVH1 domains of Ena/VASP proteins, termed class I domains, the register or binding mode is determined by an aromatic or leucine residue in the second position of the consensus sequence (D/E)(F/L/W/Y)PXφPX [1] [2] [3] , where X can be any amino acid and φ is a residue with a hydrophobic side chain. Class II EVH1 domains found in the Homer/ Vesl family proteins implicated in synaptic plasticity (44) recognize the consensus PPxxF, although the binding orientation is the same as class I ligands. The third class is composed of WASP and N-WASP. The only known ligand for this domain is a 25-residue peptide from WIP (WASPinteracting protein) that contains an LPPPEP motif. The structure for this complex was solved using a fusion construct of the two binding partners, and the ligand orientation was opposite that of the examples mentioned above (41) . No ligands are known for the class IV EVH1 domains found in Spred and Sprouty proteins that modulate tyrosine kinase signaling (43) . Structural data are now available for representatives of each class of EVH1 domain (41) (42) (43) (44) (45) (46) , and alignment of the backbone residues shows the structures to be virtually superimposable.
Although the determinants of specificity between classes of proline recognition domains have been well studied, little is known about subtle differences between paralogs from the same class. This dearth of information arises because it is difficult to design molecules that possess sufficient specificity to discriminate between protein paralogs while retaining high affinity (47) . Significant progress toward that goal in the context of EVH1 domain recognition was achieved with the initial characterization of pGolemi, a wellfolded 30-residue polypeptide that exhibits high affinity for the Mena EVH1 domain (Mena ) and high paralog specificity (65) . pGolemi was obtained by substituting five residues from the sequence of a known EVH1 ligand, the first proline-rich repeat of the L. monocytogenes ActA protein, for six judiciously chosen residues of the N-terminal PPII helix and -turn regions of avian pancreatic polypeptide (aPP). The strategy used to design pGolemi has been successfully used by our laboratory (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) and others (57) (58) (59) (60) to generate high-affinity ligands for shallow surfaces that are often difficult to target using smaller molecules. The resulting miniature protein bound Mena 1-112 with high nanomolar affinity, a 10-fold improvement over the previously reported highest affinity ligand, an 11-residue peptide from ActA (ActA 11 ) (42) . pGolemi bound with low affinity to the EVH1 domains of the two other Ena/VASP paralogs, VASP (VASP ) and Evl (Evl 1-115 ), with equilibrium dissociation constants respectively 20-and >100-fold higher than that for Mena .
In addition to achieving a high level of paralog specificity, pGolemi was unique because of the dramatic effect it had on the motility of L. monocytogenes in cell-free extracts, a well-established system for studying the actin polymerization motor (66) . In the presence of pGolemi, L. monocytogenes assumed a discontinuous actin comet tail characterized by overall slowed motility and alternating bursts and lulls in speed that correlate to bright and dark regions of the rhodamine-labeled actin tail, giving it an overall punctate appearance and the emergence of "hopping." Discontinuous comet tails during actin-based L. monocytogenes motility at steady state have been reported previously in cell extracts (61) and cultured mammalian cells (62) as well as in the context of ActA-coated beads in a mixture of purified proteins (63) . A study of the process of L. monocytogenes motility initiation showed that hopping is a characteristic step in the establishment of robust tails to support continuous forward motion (64) . In contrast to the effect of pGolemi, ActA 11 failed to produce discontinuous tails at any concentration tested.
In light of these results, we sought to better characterize the biochemical and structural basis for pGolemi binding, paralog specificity, and the relationship of these recognition events to the motility aberrations reported previously. To this end, a series of pGolemi variants was synthesized. Each member of the series contained a single amino acid substitution at a position expected to play a role in Mena 1-112 EVH1 binding or protein folding. The effects of these changes on binding EVH1 domain paralogs and on protein secondary structure were measured. Finally, L. monocytogenes motility assays were performed using a judiciously chosen set of variants to test the hypothesis that the discontinuous tail phenotype is related to pGolemi's specificity.
RESULTS

Identification of pGolemi Variants.
To study the energetic contribution of individual pGolemi side chains to EVH1 affinity, specificity, and cell motility, we synthesized 18 pGolemi variants in which a single residue was substituted with alanine and used quantitative binding assays to determine the affinity of each variant for the EVH1 domains within Mena (Mena ), VASP (VASP ), and Evl (Evl ), as detailed in the Supporting Information (65) . We also prepared three additional variants, two in which a single proline residue at position 3 or 4 was replaced with sarcosine (abbreviated Z) and a third one containing leucine in place of Ala11. The equilibrium dissociation constants of the variant‚Mena complexes determined in this way ranged from 800 nM to >100 µM, corresponding to free energies (∆G Mena ) that vary over 3 kcal‚mol -1 ( Table 1) . Recognition of Mena by pGolemi Variants. The Mena 1-112 affinity of each variant shown in Table 1 was determined using a tryptophan fluorescence perturbation assay, as described previously (65, 67) . The Mena complexes formed from these variants were characterized by dissociation constants between 800 nM and >100 µM, which correspond to binding free energies between -8.3 and > -5.8 kcal‚mol -1 ( Figure 2A ). Two pGolemi variants, P7A and F19A, reproducibly showed ill-behaved tryptophan perturbation profiles and were not included in further analysis. None of the pGolemi variants bound Mena 1-112 with higher affinity than did pGolemi (Table 1; Figure 2A ), although several showed altered paralog specificity (vide infra).
Role of Residues DeriVed from ActA 11 . First we consider pGolemi variants containing alanine in place of a residue derived from the L. monocytogenes protein ActA, namely, F2A, P3A, P6A, E9A, and E10A. These residues are located in the N-terminal half of pGolemi. Of the five, the lowest affinity is seen with F2A (K d ) 55 ( 6 µM); its complex with Mena 1-112 is 2.7 kcal‚mol -1 less stable than the complex with pGolemi. P6A also binds Mena 1-112 poorly (K d ) 9 ( 2 µM), a 1.6 kcal‚mol -1 loss relative to pGolemi. The remaining alanine variants, P3A, E9A, and E10A, as well as the sarcosine variants P3Z and P4Z, bind Mena 1-112 with affinities that are comparable to that of pGolemi. Interestingly, a pGolemi variant containing an additional ActA-derived leucine in place of Ala11 (A11L) was a poor ligand for Mena 
). Role of Residues DeriVed from aPP. Next, we consider those eight variants (P1A, P4A, F7A, F19A, L16A, L23A, Y26A, and V29A) in which alanine is substituted for a residue that likely contributes to formation of the pGolemi hydrophobic core based on the crystal structure of aPP. This structure shows a core composed of side chains from residues at positions 5, 7, and 8 on the aPP PPII helix and residues 17, 20, and 24 on the R-helix; these positions correspond to residues 4, 6, 7, 16, 19 , and 23 on pGolemi (Figure 1 ). These eight variants displayed widely varying affinities for Mena . Variants P1A, P4A, and Y26A formed complexes with Mena ; the stabilities (0.8 µM e K d e 3.3 µM) of these complexes were virtually identical to that of the corresponding pGolemi complex. Variants L16A and V29A, however, formed complexes having stabilities that were moderately destabilized (14 µM e K d e 29 µM), and variants L7A, L19A, and L23A formed complexes having stabilities that could only be estimated (K d g 50 µM) . In summary, substitution of ActA-derived residues of pGolemi located within the aPP PPII helix (Phe2, Pro3, and Pro6) significantly disrupts binding to Mena , whereas altering residues in the -turn region (Glu9 and Glu10) does not. In general, substitutions of aPP-derived folding residues decrease binding if they are located in the center of the hydrophobic core, whereas those located near the termini do not. Overall, the affinity of variants for the Mena 1-112 domain ranged from 0.8 to g77 µM (∆G Mena , from -8.3 to g -5.6 kcal‚mol . In a previous study of p007 (an aPP-based miniature protein generated through a combination of design and evolution), affinity of the alanine variants for specific hsCRE DNA ranged over 1.5 e K d e 692 nM (∆G hsCRE ) -12 to -8.4 kcal‚mol -1 ) (54). It is notable that despite having dramatically different targets, variants of both miniature proteins cover a similar range of binding energy differences.
Analysis of VASP Binding by pGolemi Variants.
The affinity of each pGolemi variant for the EVH1 domain of VASP (VASP ) was also determined using tryptophan perturbation analysis, as described above for Mena a a Also shown is the mean residue ellipticity at 222 nm of each variant in the absence of EVH1 domain (10 mM NaH2PO4 100 mM NaCl (pH 7.5) at 25°C). Colors identify the location of alanine substitution: red and pink identify variants with substitution of an ActA-derived residue, whereas light blue and dark blue identify variants with substitution of an aPP-derived folding residue. Values in brackets indicate Kd values estimated from ill-behaved binding isotherms. N.D., not determined; N.C., not calculated. Two pGolemi variants, P7A and F19A, reproducibly showed ill-behaved tryptophan perturbation profiles, perhaps due to aggregation, and were not included in further analysis.
( Table 1 ; Figure 2B ). Four variants (P3A, P7A, F19A, and V29A) reproducibly showed ill-behaved binding to VASP and were not included in the analysis. Ten of the remaining variants bound VASP 1-115 as well as or better than pGolemi (K d ) 13 ( 2 µM) with affinities ranging from 1.3 to 10 µM ( Figure 2B ). The highest VASP 1-115 affinity was observed with variant T5A (
. Substitution of leucine at position 5, in contrast, gives a variant with the same affinity for VASP as pGolemi, within error, indicating that the residue identity at that position is important for VASP 1-115 affinity. Of the substitutions that lead to decreased VASP 1-115 affinity, two are for ActA-derived residues of pGolemi (F2A and P6A) and three are for aPP-derived folding residues in the R-helix (L16A, L23A, and Y26A). For the three R-helix residues, only an upper limit was reported because the upper plateau of the binding curve is not reached.
Analysis of EVl Binding by pGolemi Variants. The affinity of pGolemi variants for the EVH1 domain of Evl (Evl 1-115 ) was also measured by tryptophan perturbation, as described above for Mena (Table 1 ; Figure 2B ). Five variants showed ill-behaved binding to Evl 1-115 and were not included in the analysis (P3A, P6A, P7A, F19A, and V29A). Although pGolemi does not detectably bind to Evl 1-115 up to 100 µM (∆G Mena > -5.5 kcal‚mol
), eight variants with single amino acid substitutions show moderate affinity for this domain ( Figure 2C ), ranging from 13 to 43 µM (∆G Mena ) -6.7 to -6.0 kcal‚mol -1 ). The variant with the highest affinity for Evl 
, has lower affinity. This sensitivity to minor perturbations reveals a subtle role for this position on Evl 1-115 affinity. Other variants that bind Evl in the 20-50 µM range include P1A and P4A (substitution of aPP-derived folding residues in the PPII helix); F2L, E9A, and E10A (ActA-derived residues); and A11L (aPP-derived nonfolding residue). Of the variants that display low affinity for Evl 1-115 by tryptophan perturbation (K d > 50 µM), two have substitutions within ActA-derived residues (F2A and P3Z) and three have changes in aPPderived folding residues (P4Z in the PPII helix; L16A, L23A, and Y26 A in the R-helix).
Analysis of Paralog Specificity: Mena Versus VASP. The relative affinity of each variant for Mena and VASP 1-115 was compared to gain insight into the relative contribution, direct or indirect, of each amino acid substitution to the overall paralog specificity of pGolemi. The variant having a specificity profile that most closely resembles that of pGolemi (∆∆G SP Mena-VASP ) -1.8 kcal‚mol
). Other variants exhibiting similar selectivity include P1A (∆∆G SP Mena-VASP ) -
), and T5L FIGURE 1: pGolemi variants and controls studied in this work. (A) Model of pGolemi structure obtained by substituting residues on aPP (PDB code: 1ppt). Shown in lines are the side chains of the residues that were changed to produce variant molecules. Residues in blue contribute to the aPP hydrophobic core, whereas those in red or magenta are derived from the sequence of ActA 11 . The image was rendered in PyMol (Delano Scientific). (B) Sequence alignment of aPP and ActA 11 (proline-rich repeat 1, residues 264-274) used to design pGolemi (65) . A schematic representation of the aPP secondary structure is shown above the corresponding primary sequence. Color coding is as described in (A). (C) Sequence alignment of aPP and ActA 11 (proline-rich repeat 2, residues 299-309) used to design pGolemi-2. ). The data suggest that the residues substituted in these cases do not contribute significantly to paralog specificity.
pGolemi variants having specificity profiles that differ from that of pGolemi fall into three categories. First, decreased affinity for both Mena 1-112 and VASP ). This paralog-independent reduction in specificity, resulting from changes in both a presumed direct binding residue (Phe2) and a folding residue (Leu 23), emphasizes the role miniature protein fold in controlling the fidelity of EVH1 domain interactions.
Paralog-dependent differences in affinity arising from an increase in affinity for VASP that may be coupled with decreased affinity for Mena are seen in a second category of variants. The most striking examples are T5A and A11L, which have specificity profiles that are the reverse of pGolemi's (∆∆G SP Mena-VASP of 0.3 and 0.2 kcal‚mol -1 , respectively). We note that both T5A and A11L are altered at aPP-derived nonfolding residues. Two other variants that show less dramatic effects are P3Z (∆∆G SP Mena-VASP ) -0.6 kcal‚mol -1 ) and E10A (∆∆G SP Mena-VASP ) -0.4 kcal‚mol
), which have substitutions at ActA-derived residues. In contrast, modestly reduced affinity for both Mena 1-112 and VASP is the hallmark of a third category of variants. For example, variants P6A and L16A both show moderate affinity for Mena 1-112 (K d Mena ) 9 ( 2 and 14 ( 3 µM, respectively), whereas VASP 1-115 affinity is decreased (K d VASP ) 34 ( 3 and >50 µM, respectively). The resultant specificity phenotype is therefore similar to but less pronounced than that of pGolemi (∆∆G SP Mena-VASP ) -0.8 kcal‚ mol -1 for P6A and <-0.7 kcal‚mol -1 for L16A). The data suggest that the residue identities at positions 3, 5, 10, and 11 contribute to paralog specificity primarily by modulating affinity for VASP , whereas those at positions 6 and 16 affect affinity for both Mena 1-112 and VASP .
Analysis of Paralog Specificity: Mena Versus EVl. The same approach was taken to evaluate the relative roles of each amino acid substitution in determining specificity between Mena 1-112 and Evl . Several variants recapitulate the pGolemi specificity profile (i.e., ). This observation suggests that these three residue positions are not implicated in Mena-Evl specificity. As was seen in the Mena-VASP analysis, substitution of Phe2 or Leu23 for Ala decreases Mena-Evl specificity by a paralog-independent mechanism in that affinity is >50 µM for both domains. This result further underscores the importance of the residue identity at these positions in establishing basal EVH1 affinity. Variants with substitutions for other residues also maintain the general specificity profile of pGolemi but exhibit a range of intensities. An increase in affinity for Evl accompanied by little or no difference in Mena 1-112 affinity is seen in variants with substitutions for ActA-derived residues (F2L, ∆∆G SP Mena-Evl ) -1.9 kcal‚mol
; E10A: ∆∆G SP Mena-Evl ) -1.9 kcal‚ mol -1 ), as well as for an aPP-derived PPII-helix folding residues (P1A,
). Reduced specificity is also observed upon substitution of an aPP-derived R-helix folding residue, L16A (∆∆G SP Mena-Evl < -0.7 kcal‚mol -1 ), resulting from decreased Mena 1-112 affinity. In contrast, the loss of specificity of a variant in which an aPP-derived nonfolding residue is changed, A11L (∆∆G SP
To summarize, the data suggest that the identity of residues throughout pGolemi affect Mena-Evl specificity primarily through modulation of Evl affinity (F2L, E9A, E10A, P1A, and T5A), Mena affinity (L16A), or both (A11L).
Alternate Designed EVH1 Domain-Specific Miniature Protein: pGol-2. We also explored an alternative design, pGol-2, that differs from pGolemi in terms of how the sequences of ActA 11 and aPP are aligned and by the addition of a glutamate residue at the N terminus that has been shown to improve the affinity of peptide ligands for EVH1 domains (46) (Figure 1B) . Interestingly, pGol-2 shows the reverse specificity profile of pGolemi (Table 1) : no binding to Mena is detected at concentrations as high as 100 µM, whereas the VASP 1-115 affinity is comparable to that of pGolemi. Moreover, the affinity of pGol-2 for Evl 1-115 is higher than that for any of the pGolemi variants (K d ) 10 ( 2 µM).
Secondary and Tertiary Structures of pGolemi Variants. The R-helical content of each pGolemi variant was measured by circular dichroism (CD) spectroscopy, and the mean residue ellipticities at 222 nm (MRE 222 ) for each are reported in Table 1 . In general, variants that retain significant R-helical character at 25°C also melt cooperatively. With the exception of variant E9A (T m ) 54°C), none of the variants are better folded than pGolemi (T m ) 42°C). As expected, substitution of aPP-derived folding residues in variants P1A, P4A, P7A, L16A, F19A, L23A, and Y26A leads to a dramatic decrease in R-helix secondary structure. pGol-2 is also well folded, with a greater R-helix content (MRE 222 ) -20386 deg‚cm 2 dmol -1
) and a higher melting temperature (T m ) 50°C) than pGolemi.
Effect of pGolemi Variants on L. monocytogenes Motility. The bacterium L. monocytogenes achieves motility by recruiting Ena/VASP proteins through a direct interaction with the L. monocytogenes cell surface protein ActA. A cellfree assay for L. monocytogenes motility in X. laeVis oocyte extract has provided a valuable model system for studying mechanisms of actin cytoskeleton (66, 68) . In previous work, we reported that the presence of 10-27 µM pGolemi decreased the speed of L. monocytogenes motion in X. laeVis oocyte extract (65) by 68%, consistent with the work of others in which the EVH1 binding motifs were removed from ActA (70) (71) (72) (73) or when Ena/VASP proteins were removed from cell extracts (74) . Additionally, pGolemi caused extreme speed variation and the formation of discontinuous actin comet tails. In contrast, the addition of a nonspecific EVH1 domain ligand, an 11-residue peptide derived from the proline repeat region of ActA, at the same concentration results in a speed reduction of 85% (65, 69) with no observed speed variation. We hypothesized that the discontinuous tails might result from the high paralog specificity observed in vitro. To test this hypothesis, a selection of miniature proteins showing a range of affinities toward the EVH1 domains of Mena 1-112 , VASP , and Evl 1-115 were analyzed for their effects on L. monocytogenes median speed and speed variability (maximum/median speed ratio) (Figure 3 ). Under control conditions (aPP , or no miniature protein ligand), the median bacterial speeds is 0.10 ( 0.03 µm s -1 , which is comparable to literature reports of 0.10 ( 0.01 µm s -1 (68) , and the speed variability ratio is 1.20 ( 0.08. In the presence of 10 µM pGolemi, the median speed is reduced by 83%, as reported previously (0.017 ( 0.005, n ) 46) (66), and the speed variability ratio was higher than that of all tested miniature proteins (3.3 ( 0.8). At 10 µM, only variant F2L showed a significant reduction in median speed (69%; 0.03 ( 0.01 µm s -1 , n ) 62) and an increase in speed variability (2.0 ( 0.4) ( Figure 3A) . Surprisingly, pGol-2 at 10 µM caused a significant (p < 0.01) increase in median speed of 38% (0.14 ( 0.03 µm s -1 , n ) 39); however, speed variability was similar to that of the control. At 100 µM, pGolemi, F2A, and T5L showed a significant (p < 0.01) decrease in median speed (pGolemi, 0.03 ( 0.01 µm s -1 , n ) 27; F2A, 0.02 ( 0.01 µm s -1 , n ) 41; T5L, 0.06 ( 0.02 µm s -1 , n ) 23) accompanied by an increase in speed variability (pGolemi, 3 ( 1; F2A, 2.3 ( 0.6; T5L, 1.9 ( 0.2). F2L caused a decrease in speed (0.06 ( 0.02 µm s -1 , n ) 28), but speed variability was comparable to that of the control. In contrast, A11L and pGol-2 both caused significant (p < 0.05) increases in median speed compared to controls at this concentration (A11L, 0.15 ( 0.02 µm s -1 , n ) 21; pGol-2, 0.160 ( 0.006 µm s -1 , n ) 7), with speed variability comparable to that of the control.
Plotting speed or speed variability against EVH1 domain affinity for these selected miniature proteins reveals unexpected trends (Figure 4) . Increased affinity for Mena 1-112 correlates weakly with decreased speed and increased speed variability of motile bacteria in the presence of miniature protein, whereas the reverse trends are observed for Evl affinity. There is no obvious relationship between VASP 1-115 affinity and the motility of L. monocytogenes in these assays. The median speed and maximum/median speed ratios were also plotted against the EVH1 domain specificity of each miniature protein or variant for pairs of EVH1 domain paralogs to identify relationships between specificity and aberrant L. monocytogenes motility ( Figure 5) . A strong linear correlation was observed for both metrics at 10 µM miniature protein, indicating that high specificity, particularly modest binding to VASP and especially Evl , is related to decreased speed and increased speed variability. These observations hold but are less striking for assays conducted using 100 µM ligand.
pGolemi Localizes to the Actin Tail-Bacterium Interface. A fluorescently tagged analogue of pGolemi was used to monitor localization under the conditions of the L. monocytogenes motility assay. At a concentration of 27 µM, pGolemi Flu appeared as a short, bright tail attached to the L. monocytogenes cell surface ( Figure 6 ) that elongated as the bacterium accelerated forward. The observation that pGolemi, a ligand for the EVH1 domain of Mena, localizes to the actin surface at the interface between the bacterium and the comet tail is in agreement with previous studies that show that Ena/ VASP proteins are localized at the distal pole of motile L. monocytogenes (11, 75, 76, 77) . Ena/VASPs act as indirect links by attaching to the proline-rich repeat region of the bacterial surface protein ActA through their EVH1 domain (75, 76) and also to actin filaments through the EVH2 domain (74) . The tail can also attach directly to the bacterium by binding sites on ActA. The observation of the discontinuous tails in the presence of a specific inhibitor of EVH1 domain interactions suggests a weakening of the Ena/VASP-mediated molecular connections between the tail and the bacterium. 11 . Structural (42), biochemical (72, 78) , and functional (79, 80) studies of Ena/VASP proteins have highlighted the critical importance of the aromatic residue of EVH1 domain ligands, which contributes to affinity through shape complementarity to the V-shaped pocket within the binding surface and by setting the correct register and orientation of the PPII helix (42) , reviewed in 39. For unstructured peptide ligands, the aromatic residue can be substituted for any aromatic residue or leucine with little or no loss in affinity (46, 71, 80, 82) . pGolemi shows analogous behavior: the variant containing alanine in place of phenylalanine at position 2 (F2A) exhibits a dramatic loss in affinity for Mena , whereas the corresponding leucine variant (F2L) does not. Maintenance of the type II polyproline helix conformation is also important for EVH1 domain binding, but as with short ActA-derived peptides (71) , single amino acid substitutions at residues Pro3, Pro4, and Pro6 lead only to small reductions in Mena 1-112 affinity, indicating that the secondary structure is not significantly perturbed.
DISCUSSION pGolemi Contains an aPP-like Fold and Binds the Mena EVH1 Domain in a Manner analogous to ActA
Structural data from CD and AU are consistent with a model in which monomeric pGolemi adopts an aPP-like fold in the absence of the EVH1 domain. Substitution of alanine at pGolemi residue positions that are important for aPP folding (in variants P1A, P4A, P7A, L16A, F19A, L23A, Y26A, and, to a lesser extent, V29A) leads to significant decreases in the MRE 222 signal by CD, consistent with previous studies on DNA-binding miniature proteins (54) . We note that the structure of pGolemi is also sensitive to the identity of amino acids substituted for Thr5, a position not previously identified as critical for miniature protein folding. This observation suggests that the ActA residues grafted onto the aPP scaffold have resulted in differences in the packing of the miniature protein's hydrophobic core, which likely results in altered presentation of surface residues as well. Any effect the substitutions have on the aggregation state is not known.
Residues throughout the pGolemi Sequence Contribute to EVH1 Domain Affinity. Every pGolemi variant except P1A, T5L, and E9A exhibited decreased affinity for Mena . Among variants containing alanine in place of a residue derived from ActA, significant loss of binding was observed only upon alteration of Phe2, the key aromatic residue from the binding epitope, and Pro6, which is located centrally within the pGolemi sequence. Substitution of the remaining ActA-derived residues resulted in only minor losses in binding energy, consistent with the observations of others, suggesting that these residues serve a scaffolding role to maintain the epitope's secondary structure (42, 45, 72) . Analysis of the effects of altering aPP R-helix-derived residues shows that three residues located centrally in the primary sequence, Ala11, Leu16, and Leu23, are important for binding. Leucine substitution for Ala11 does not significantly perturb R-helix structure, but alanine substitution for either Leu16 and Leu23 causes a dramatic loss in R-helical secondary structure, consistent with the role of these positions in packing the hydrophobic core of an aPP-like scaffold in this and other miniature proteins (54) . In contrast, variants with substitutions for aPP-derived folding residues located near the termini of the pGolemi sequence, Pro1, Tyr26, and Val29, suffer small or negligible reductions in Mena binding despite the fact that they are relatively unstructured. Taken together with the observation that truncated peptides containing only the PPII helix portion do not bind to Mena (this work; 65), these data support the notion that the C-terminal portion of the pGolemi sequence is critical to Mena 1-112 affinity. The data leave open to question whether Ala11, Leu16, and Leu23 contribute to binding by direct contact or indirect conformational effects; however, additional data could provide the necessary insight into the separate or combined functions of these residues. In general, residue substitutions that most significantly diminished Mena 1-112 also decreased the already moderate affinity for VASP ; any negative impact on Evl 1-115 binding could not be evaluated because of the low affinity of the Evl 1-115 ‚pGolemi complex. Variants with improved affinity for both VASP and Evl 1-115 bore substitutions for aPPderived PPII helix folding residues (Pro1 and Pro4), aPPderived nonfolding residues (Thr5 and Ala11), and ActAderived residues (Glu9 and Glu10; Pro3 for VASP 1-115 only). Notably, F2L showed improved affinity for both VASP and Evl . Short peptide fragments of ActA studied by Ball and co-workers (46) show the opposite trend in VASP EVH1 binding for Phe versus Leu at the equivalent position, highlighting a difference between miniature protein and unfolded peptide ligands. The observation that small changes can improve affinity for VASP and Evl 1-115 also points to the possibility of using phage display to evolve pGolemi into second generation miniature proteins with high affinity for these paralogs.
Residues throughout the pGolemi Sequence Contribute to EVH1 Paralog Specificity. Mutational analyses of ActA peptides and endogenous host cell Ena/VASP binding partners indicate that the EVH1 ligand is (D/E)(F/L/W/Y)-PXφPX 1-3 (abbreviated FP4), where X is any amino acid and φ is hydrophobic (71). Short peptides containing this consensus bind EVH1 domain paralogs with similar affinities (46, 65, 71) . Ball and co-workers compared the binding of the EVH1 domains of Mena and VASP for 6-13 residue ActA peptide variants by fluorescence perturbation and found that the interaction with Mena 1-112 was universally of higher affinity (46) . Truncations at the termini as well as single amino acid substitutions decreased affinity for both Mena and VASP . Niebuhr and co-workers used solid-phase binding studies to compare the relative binding of Mena and VASP to 10-residue peptide ligands (71) and found that within the core consensus, certain substitutions, particularly at position 2 but also positions 3, 4, and 6 (pGolemi numbering), could lead to selectivity between Mena 1-112 and VASP . The pGolemi variants in our study all showed the general trend of higher affinity for Mena 1-112 than for VASP (or Evl 1-115 ), with the exception of A11L and T5A.
The effects of single amino acid changes in pGolemi on the striking EVH1 paralog binding specificity fall into two broad groups. Positions at which substitution results in significantly reduced binding to all three class I EVH1 domains include the key aromatic residue from the EVH1 binding epitope, Phe2, and the aPP-derived R-helix folding residues, Leu16 and Leu23. Substitutions at the remaining residue positions show a spectrum of paralog specificity profiles resulting from modulated affinity toward Mena 1-112 , VASP , and Evl . In general, substitutions for ActAderived residues (F2L, P3A and P3Z, P6A, E9A, and E10A) had a mild negative effect on Mena 1-112 affinity and a positive effect on affinity for VASP and Evl . P6A is an exception in that affinity is decreased for both Mena and VASP (the effect on Evl 1-115 affinity is not known). One study of paralog-dependent effects of binding by short (10 residue) ActA-derived peptide variants showed that the F2L substitution (pGolemi numbering), for example, diminished affinity for VASP (71) . In another study of ActA peptoids containing N-substituted residues at the Pro3 position, species with long, hydrophobic side chains bound to VASP, but those with short side chains, such as sarcosine, did not (72) . The epitope-derived residues are therefore important for determining paralog specificity, but sequence context is relevant. aPP-derived residues also play a role in paralog specificity. Substitutions for folding residues in the PPII helix portion of the molecule generally did not affect (P1A) or slightly decreased (P4A, P4Z) affinity for Mena , but conferred increased affinity for both VASP and Evl . The global decrease in EVH1 affinity of variants with substitutions for two R-helix folding residues (L16A and L23A) exemplifies the paralog-independent role of these residues in specificity; on the other hand, the Y26A substitution resulted in an enhanced version of pGolemi's paralog specificity profile, with only a slight decrease in Mena 1-112 affinity but no detectable binding to either VASP or Evl up to at least 50 µM. Two additional aPP-derived residues, Thr5 and Ala11, were also implicated as major determinants of paralog specificity by modulating affinity to all three domains by increasing affinity for both VASP and Evl 1-115 while slightly decreasing Mena 1-112 affinity. These data provide evidence that pGolemi residues outside the binding epitope have a spectrum of roles that subtly influence paralog specificity.
Overall, the analysis of pGolemi specificity provides a detailed map of the effects of residue substitutions on basal EVH1 domain affinity as well as paralog specificity. The importance of the context of epitope presentation (i.e., unfolded peptide vs miniature protein) in specificity is highlighted by the observation of sometimes contradictory effects of analogous substitutions across different studies of EVH1 domain-ligand interactions. This data collection will be invaluable in guiding the design of miniature protein libraries for the purpose of discovering molecules with desired interaction specificity profiles.
Limited Relationship between Mena, but Not VASP or EVl, Affinity and R-Helix Secondary Structure. Cocrystal structures of the EVH1 domains of Mena and Evl in complex with short ActA peptide ligands show that the peptide adopts a type II polyproline helix secondary structure conformation (42, 45) . R-Helical epitopes having restricted conformations because they are presented in the context of a miniature protein (54) pay a lower entropic cost upon binding to their cognate domains because they are prestructured. In contrast, short peptides (>10 residues) containing sequences with a propensity toward forming type II polyproline helices can spontaneously adopt this conformation in aqueous solution (37) . Our initial report of pGolemi design, structure, and function showed that the portion of the molecule derived from the R-helix of aPP contributes at least 3.5 kcal‚mol -1 to Mena 1-112 binding (65) , raising the question of whether the R-helix plays an analogous role in prestructuring or whether some other mechanism is involved. We investigated the premise that the aPP fold contributes to binding by plotting the intensity of the R-helix signature (MRE 222 ) of the pGolemi variants against affinity for Mena 1-112 , VASP , and Evl (Figure 7) .
Examination of the data in Figure 7 suggests that, in general, pGolemi variants possessing high levels of R-helix secondary structure in the absence of bound EVH1 domain also possess the highest affinity for Mena (Figure 7A ). There are three clear outliers to this trend: F2A and A11L, which are well folded but bind Mena 1-115 with low affinity, and P1A, which is poorly folded but binds Mena 1-115 well. If, as argued above, pGolemi and ActA 11 bind Mena 1-115 in a similar manner, then Phe2 is involved in direct contact with the domain, so low affinity of F2A results from disruption of a key epitope residue and not from loss of structure. In the case of Ala11, substitution for leucine does not reduce folding; however, changing the identity of the side chain at this position results in modulated affinity for all three paralogs (this work). It can therefore tentatively be concluded that Ala11 also contacts the domain surface. In the case of P1A, given that the 11-residue truncated version of this variant does not bind Mena , the likely role of this residue is primarily in maintaining the folded structure rather than in direct domain contact. Because Mena binding is very sensitive to other substitutions that disrupt R-helix structure, it may be that this particular variant can fold upon binding with the energetic cost being paid by the increased availability of ligand conformations that are highly favorable to Mena 1-112 binding. Alternatively, P1A might remain unfolded even after binding, the high affinity arising from the fact that more of the hydrophobic area of the molecule is exposed, thus allowing nonspecific interactions to form following the initial recruitment effected by the FP4 core. Overall, the data support the claim that the presentation of the EVH1 domain binding epitope in the context of an aPP scaffold results in improved affinity for Mena through stabilization of the tertiary structure, which in turn emerges from the synergistic interactions of the R-and PPII helices. In contrast to the positive trend between structure and Mena 1-112 binding, no such relationship exists for either VASP or Evl . This suggests that, as was seen with in vitro evolution of p007 (53), maintaining or restoring structure will be an important consideration during future efforts to generate high-affinity miniature proteins for the other EVH1 paralogs. Plots of the R-helicity of pGolemi variants and their specificity reveal no correlation.
Direct Relationship between Affinity and Specificity. The data suggest that there exists a direct relationship between the affinity of a pGolemi variant for Mena and its ability to discriminate Mena 1-112 from the other EVH1 paralogs (Figure 7 ). Such a relationship has also been observed for the miniature protein p007, which binds DNA with high affinity and specificity, as well as in a wide range of other systems, ranging from selective binding of Na + versus K + (85) to affinity-matured antibodies (86) to RNA aptamers (87) . The laws of thermodynamics do not explicitly supply a connection between ∆G Mena and ∆G Spec ; however, in all of these cases, the relationship has been rationalized on the basis of ligand preorganization. This relationship also leads to the conclusion that by presenting a naturally evolved epitope fragment that binds with relatively high affinity to a protein domain in the context of a well-folded scaffold, a new dimension of specificity can be added to the ligand's functional characteristics.
Aberrant Motility of Listeria Is Correlated with EVH1 Paralog Specificity. The use of peptides to perturb proteinprotein interactions is an established approach that has been used to provide important insights into the mechanisms of cytoskeleton control, and the motility of L. monocytogenes in particular. In 1994, Southwick and co-workers reported that microinjecting an FP 4 -containing peptide into PtK2 cells infected with L. monocytogenes blocked tail elongation and halted motility, but microinjection of poly-L-proline led to increased tail length and bacterial speed (69). Niebuhr and co-workers' engineered L. monocytogenes to lack the EVH1 domain binding site of ActA and demonstrated that the bacteria could still accumulate actin at their surfaces but at a reduced level (71) . Actin was eventually able to polarize and form a stubby tail, which allowed motility to proceed at a dramatically reduced speed. Our observation that pGolemi binds EVH1 domains in a similar manner to ActA peptides and also causes a decrease in median speed of L. monocytogenes is therefore in agreement with the work of others in that EVH1-ActA interactions are required to maintain speed.
Discontinous actin tails have been observed in previous studies of L. monocytogenes motility at steady state using a variety of systems, including cell culture infection and cell extracts (61, 62) , as well as in the context of ActA-coated beads, where motility was reconstituted using purified proteins (63) . The first example was described by Lasa et al. as a result of the deletion of residues 21-97 of ActA, the site of interaction with the actin branching and nucleating Arp2/3 complex (61). Lauer et al. observed this phenotype in an alanine scanning of the charged residues of the ActA protein in the region that spanned from 165 to 260, which is outside the polyproline-rich repeat region (63-390) (62) . In 63, discontinuous tails were seen when monitoring the motility of ActA-coated beads in a reconstituted motility medium lacking VASP in a reconstituted motility medium. Our results specifically implicate the EVH1-ActA interaction in this phenotype. More recently, a study of the process of initiation of Listeria motility showed that hopping is in fact a characteristic step in the transition between polarized actin cloud formation and the establishment of tails that can maintain persistent speed and direction (64) . Actin accumulates at one of the poles and bacteria start to move forward with a sudden burst of speed that breaks the link with the tail. Bacteria come to a complete stop upon collision with a physical obstruction in the medium, and the process repeats until a long, weak tail develops that eventually matures into a robust tail capable of maintaining speed and directionality. In that study, disruption of the EVH1 binding site by mutating the key Phe in the binding epitope of ActA showed an effect similar to treatment of wild-type L. monocytogenes with pGolemi in that erratic hopping motility persisted and tails did not follow through the maturation process. In all of the cases of discontinuous tails, an imbalance between the propulsive and retarding forces is likely responsible for trapping the bacteria or bead in an intermediate stage of tail development. For the cases where Ena/VASP-ActA interactions are implicated, the imbalance may be due to bursts of propulsion by rapid actin polymerization, partially overwhelming the weakened molecular connection between the tail and the bacteria or bead. The clear correlation between the effect of pGolemi on L. monocytogenes motility and the miniature protein's in vitro properties as a paralog-specific inhibitor of protein-protein interactions taken together with the fact that hopping motility is a stage in the tail maturation process suggests that the different Ena/VASP paralogs may not play equivalent roles in the transition from the initiation phase to robust motility. Future work will explore this hypothesis further.
